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Background— Obesity is linked with an increased risk of lymphedema, which is a serious clinical problem. Adiponectin is a 
circulating adipokine that is down-regulated in obese states. We investigated the effects of adiponectin on lymphatic vessel 
formation in a model of lymphedema and dissected its mechanisms. 

Methods and Results — A mouse model of lymphedema was created via ablation of tail surface lymphatic network. 
Adiponectin-knockout mice showed the greater diameter of the injured tail compared with wild-type mice, which was associated 
with lower numbers of lymphatic endothelial cells (LECs). Systemic delivery of adiponectin reduced the thickness of the injured tail 
and enhanced LEC formation in wild-type and adiponectin-knockout mice. Adiponectin administration also improved the edema of 
injured tails in obese KKAy mice. Treatment with adiponectin protein stimulated the differentiation of human LECs into tubelike 
structures and increased LEC viability. Adiponectin treatment promoted the phosphorylation of AMP-activated protein kinase 
(AMPK), Akt, and endothelial nitric oxide synthase n LECs. Blockade of AMPK or Akt activity abolished adiponectin-stimulated 
increase in LEC differentiation and viability and endothelial nitric oxide synthase phosphorylation. Inhibition of AMPK activation 
also suppressed adiponectin-induced Akt phosphorylation in LECs. In contrast, inactivation of Akt signaling had no effects on 
adiponectin-mediated AMPK phosphorylation in LECs. Furthermore, adiponectin administration did not affect the thickening of the 
damaged tail in endothelial nitric oxide synthase-knockout mice. 

Conclusions — Adiponectin can promote lymphatic vessel formation via activation of AMPK/Akt/endothelial nitric oxide synthase 
signaling within LECs, thereby leading to amelioration of lymphedema. (J Am Heart Assoc. 2013;2:e000438 doi: 10.1161/ 
JAHA. 11 3.000438) 
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Lymphedema is a serious clinical problem after surgical 
and radiation therapy for malignant diseases including 
breast cancer. 1 ' 2 Lymphedema in humans typically results 
from a destruction of lymphatic network and the failure of 
lymphatic fluid to drain. 3 Although a number of recent reports 
showed that the induction of lymphangiogenesis could 
ameliorate lymphedema in animal models, 4-7 the therapeutic 
options for lymphedema are currently limited. 
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Obesity is strongly associated with an increased risk of 
lymphedema. A previous study showed that overweight is 
associated with arm swelling after the treatment of breast 
cancer. 8 Obesity is also linked with the development of 
postoperative lymphedema. 9 Furthermore, an elevated body 
mass index is associated with an increase in lymphedema of 
the lower extremities. 10 Conversely, weight reduction effec- 
tively improves breast cancer-related lymphedema. 1 Thus, in 
this context, dietetic therapy is recommended as a treatment 
option for obese patients with lymphedema. 11 However, 
the molecular mechanisms that are related to how obesity affects 
the development of lymphedema are poorly understood. 

Accumulating evidence suggests that adipose tissue 
functions as an endocrine organ by secreting adipocytokines 
that can directly affect nearby or remote organs. 12 Adipo- 
nectin is an adipose-specific plasma adipokine whose 
concentration is down-regulated in association with various 
obesity-related diseases. 13,14 Low levels of circulating adipo- 
nectin are associated with the increased prevalence of 
obesity-linked vascular disorders including endothelial 
dysfunction and peripheral artery disease. 15,16 We have 
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demonstrated that treatment with adiponectin protein 
stimulates vascular endothelial cell migration, survival, and 
differentiation into capillary-like structures in vitro. 17-19 Adipo- 
nectin has also been shown to stimulate blood vessel growth in 
rabbit corneal and mouse Matrigel plug angiogenesis assays. 17 
Furthermore, we have shown that the disruption of adiponectin 
contributes to impaired revascularization in response to tissue 
ischemia and exacerbation of endothelial dysfunction. 15,20 
Thus, adiponectin exerts beneficial actions on blood vessel 
function by directly, at least in part, acting on vascular 
endothelial cells. However, nothing is known about the 
functional role of adiponectin in the lymphatic system. 

In the present study, we investigated whether adiponectin 
influences lymphatic vessel formation in vivo in a mouse 
model of lymphedema with loss- and gain-of function genetic 
manipulations. We also tested whether adiponectin modulates 
lymphatic endothelial cell (LEC) behavior in vitro and assessed 
its molecular mechanisms. 



Methods 
Materials 

Recombinant human adiponectin protein obtained from 
mammalian cell expression system was purchased from Bio- 
Vendor. Recombinant human vascular endothelial growth 
factor (VEGF)-C was purchased from R&D Systems. The 
following primary antibodies were purchased from Cell 
Signaling: phospho-Akt (Ser473) antibody, Akt antibody, 
phospho-endothelial nitric oxide synthase (eNOS; Ser1177) 
antibody, eNOS antibody, acetyl-CoA carboxylase (ACC) 
antibody, hemagglutinin (HA) antibody, and /?-actin antibody. 
Phospho-ACC (Ser79) and c-Myc tag antibody were pur- 
chased from Upstate Biotechnology. Compound C and 
LY294002 were purchased from Calbiochem. L-NG-Nitro- 
arginine Methyl Ester (L-NAME) was purchased from Sigma 
Chemical Co. Adenovirus vectors containing the gene for 
/J-galactosidase (Ad-^-gal) and full-length mouse adiponectin 
(Ad-APN) were prepared as described previously. 21 LECs 
were purchased from Lonza (HMVEC-dLy). 

Mouse Model of Tail Lymphedema 

Male wild-type (WT), adiponectin-knockout (APN-KO), 22 and 
eNOS-deficient (eNOS-KO) mice at the ages of 8 to 10 weeks 
(Jackson Laboratory) in a C57/BL6 background and male 
diabetic KKAy mice at the ages of 10 weeks (Jackson 
Laboratory) were used for this study. Study protocols were 
approved by the Institutional Animal Care and Use Committee 
in Nagoya University. Mice were subjected to the ablation 
surgery of tail surface lymphatic network under anesthesia 
with sodium pentobarbital (50 mg/kg intraperitoneal^) as 



previously described. 4 In briefly, a 2-mm-wide circumferential 
annulus of the skin at 10 mm distal to the tail base, except for 
a 2-mm 2 dermal frap located at the ventral side, was excised 
from the tail using a cautery knife. In some experiments, 
2x 10 8 plaque-forming units (pfu) of Ad-APN or Ad-/?-gal was 
systemically injected into the tail vein of mice 3 days before 
tail lymphatic vessel ablation. 

Tail Thickness Measurement 

The diameter of the tail simply represents a severity of the 
lymphedema. Tail diameter of the lymph-edematous site was 
measured at the point exactly 10 mm distal to the incision 
site. At the end of the follow up, mice were killed, and their 
tails were obtained, sliced, and snap frozen with liquid 
nitrogen. Frozen tissue sections were sliced and stained with 
hematoxylin-eosin (H&E). 

To examine the extent of LEC density distal to the incision 
site, frozen tissue sections were subjected to immunohisto- 
chemical staining using a polyclonal antibody against lympha- 
tic vascular endothelial hyaluronan receptor-1 (LYVE-1; Acris). 

Cell Culture 

LECs were cultured in endothelial cell growth medium 
(EGM)-2MV. Before each experiment, cells were placed in 
endothelial cell basal medium (EBM)-2 for 15 hours for serum 
starvation. Experiments were performed by the addition of the 
indicated amount of human recombinant adiponectin (30 ^g/mL) 
or vehicle for the indicated lengths of time. In some 
experiments, LECs were pretreated with compound C 
(10 jumol/l), LY294002 (50 /imol/L), L-NAME (1 mmol/L), 
or vehicle (DMSO) for 60 minutes before adiponectin stimu- 
lation. In some experiments, LECs were infected with an 
adenoviral vector encoding an HA-tagged dominant-negative 
AKT1 (Ad-dnAkt), a c-myc-tagged dominant-negative mutant 
of AMPK (Ad-dnAMPK), or Ad-/?-gal as a control at a 
multiplicity of infection of 50 for 24 hours. 

Tube Formation Assay 

The formation of vessel-like structures by LECs on growth 
factor-reduced Matrigel (BD Biosciences) was assessed 
according to the manufacturer's instructions as previously 
described. 17 LECs were seeded onto coated plates at 
5x10 4 cells/cm 2 in EBM-2 medium and incubated at 37°C 
for 18 hours. Network formation was assessed using an 
inverted phase contrast microscope (Nikon), and photomicro- 
graphs were taken at x40 magnification. The degree of tube 
formation was quantified by measuring the length of tubes in 
3 randomly chosen fields from each well using the Image-J 
program. Each experiment was repeated 3 times. 
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Figure 1. Adiponectin deficiency exacerbates lymphedema in a mouse tail model. A, Representative tails in the WT and APN-KO 
mice immediately after surgery (day 0) and on postoperative days 21 and 28. B, Quantitative analysis of the tail diameter in the WT and APN-KO 
mice immediately after surgery and at different time points after surgery (n=7 in each group). Results are shown as the mean±SE. *P<0.01 vs WT 
mice. APN indicates adiponectin; KO, knockout; WT, wild-type. 



Cell Viability Assay 

Cell viability of LECs was determined by use of the PreMix 
WST-1 Cell Proliferation Assay System (TAKARA Bio Inc). In 
brief, LECs were cultured with 1 00 fit of EBM-2 with 0.5% fetal 
bovine serum that did not contain supplement onto 96-well 
plates (3x10 4 cells in 100 fiL of culture medium per well). 
After 24 hours of serum starvation, cells were incubated with 
EBM-2 supplemented in the presence of recombinant adipo- 
nectin protein (30 /.(g/mL), VEGF-C (50 ng/mL), or vehicle for 
48 hours. Then, WST-1 was added to dishes according to the 
manufacturer's instruction and incubated for an additional 
5 hours, and then the absorbance was measured. 



Apoptosis Assay 

Terminal deoxynucleotidyl transferase-mediated dUTP nick- 
end labeling (TUNEL) staining for LECs was performed using 
the In Situ Cell Death detection kit (Roche) as described 
previously. 23 Cells were treated with recombinant adiponectin 
protein or vehicle followed by 48 hours of incubation in 
serum-free EBM-2. TUNEL-positive cells were counted in 5 
randomly selected microscopic fields. Each experiment was 
repeated 3 times. 



Western Blot Analysis 

Cell lysates were resolved by use of SDS-PAGE as described 
previously.' 7 The membranes were immunoblotted with the 



indicated antibodies at a 1:1000 dilution followed by the 
secondary antibody conjugated with horseradish peroxidase 
at a 1:1000 dilution. An ECL Western blotting Detection kit 
(GE Healthcare) was used for detection. 

Statistical Analysis 

Results are expressed as mean±SE. Statistical significance 
was analyzed with unpaired Student's f test for comparison 
between the 2 groups (Figures 3C and 4D) and with ANOVA 
followed by Turkey's procedure for comparison among 3 
groups or more (Figures 2B, 4B, 4C, and 6A through 6C). We 
used 2-way repeated measures ANOVA, when multiple time 
points were involved (Figures 1B, 3B, 3D, and 6D). P values 
<0.05 denoted statistical significance. 



Results 

Adiponectin Deficiency Exacerbates 
Lymphedema After Ablation of Tail Lymphatic 
Vessels 

To test whether adiponectin modulates lymphedema in vivo, we 
subjected APN-KO and WT mice to the ablation of tail surface 
lymphatic network. Figure 1 A shows representative pictures of 
tail in the WT and APN-KO mice immediately after surgery and 
on postoperative days 2 1 and 28. In WT mice, lymphedema was 
significantly induced within a few days after surgery, and the tail 
diameter peaked at around postoperative day 7. Lymphedema 
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continued until at least 28 day after surgery. APN-KO mice 
exhibited a significant increase in tail diameter after surgery 
compared with WT mice (Figure 1 A and 1 B). 

Because inhibition of lymphangiogenesis is associated with 
enhancement of lymphedema, we assessed the frequency of 
LECs in histological sections harvested from tails in WT and 
APN-KO mice by immunostaining with LEC marker LYVE-1. 
Figure 2A shows representative photomicrographs of tail 
tissues stained with LYVE-1. Quantitative analysis of LYVE-1 - 
positive cells revealed that WT mice showed a marked 
reduction of LEC density at day 28 after tail ablation surgery 
compared with sham-operated WT mice and that APN-KO mice 
exhibited a further reduction of LEC density in injured tails on 
postoperative day 28 compared with WT mice (Figure 2B). 
Immunofluorescence staining also revealed that LYVE-1-posi- 
tive cells coexpressed podoplanin but not platelet endothelial 
cell adhesion molecule-1 (PECAM-1) in the edematous tissue 
consistent with the previous report 4 (data not shown). 

Adiponectin Improves Lymphedema and 
Enhances LEC Formation In Vivo 

To test whether supplementation of adiponectin could 
modulate lymphedema, we delivered Ad-APN or Ad-/?-gal as 



a control via jugular vein into WT and APN-KO mice at 3 days 
before tail ablation of lymphatic vessel. On day 6 after the 
injection, plasma adiponectin levels were 13.1 ±1.6 ^g/mL in 
WT/Ad-0-gal, 22.8±3.4 ^g/mL in WT/Ad-APN, <0.05 fig/ml 
in APN-KO/Ad-jS-gal, and 12.5±1.3 /ig/mL in APN-KO/Ad-APN. 
Ad-APN-treated WT mice showed a significant decrease in 
thickness of injured tails after surgery compared with 
control mice that were treated with Ad-jS-gal (Figure 3 A 
and 3B). Treatment with Ad-APN reduced the diameter of 
edematous tails in APN-KO mice to the levels similar to 
those of WT mice. 

To examine whether increased levels of adiponectin affect 
lymphangiogenesis in vivo, we assessed the number of LECs 
in edematous tails in WT and APN-KO mice treated with 
Ad-APN or Ad-^-gal. Quantitative analysis of LYVE-1 -positive 
cells revealed that Ad-APN treatment increased the LEC 
density in both WT and APN-KO mice (Figure 3C). 

Furthermore, we examined whether adiponectin affects 
lymphedema in obese states. KKAy mice were treated 
systemically with Ad-APN or Ad-/?-gal at 3 days before 
surgery. Plasma adiponectin levels were 8.5±0.5 jUg/mL in 
KKAy/Ad-£-gal and 15.7±0.4 /(g/mL in KKAy/ Ad-APN on 
day 6 after the injection. Ad-APN treatment decreased the 
thickness of damaged tails in KKAy mice (Figure 3D). 
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Figure 2. Adiponectin deficiency reduces the number of lymphatic endothelial cells in a mouse model of lymphedema. A, Fluorescence staining 
of tail tissues with lymphatic endothelial cell marker, LYVE-1 (green), in WT or APN-KO mice at day 28 after tail ablation surgery or sham operation 
(white arrows). Total nuclei were identified by 4',6-diamidino-2-phenylindole counterstaining (blue). B, Quantitative analysis of LYVE-1 -positive 
cells in the injured tails in WT or APN-KO mice at day 28 after tail ablation surgery or sham operation (n=7 in each group). Results are shown as 
the mean±SE. APN indicates adiponectin; KO, knockout; LYVE-1, lymphatic vascular endothelial hyaluronan receptor-1; WT, wild-type. 
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Figure 3. Effect of exogenous adiponectin on lymphedema and lymphatic endothelial cell formation. Ad-APN or Ad-/i-gal (control) was injected 
into the jugular vein of WT, APN-KO or KKAy mice (2x 10 8 pfu in each group) at 3 days prior to surgery. A, Representative histological sections of 
edematous tails in WT and APN-KO mice treated with Ad-/i-gal or Ad-APN on postoperative day 28. B, Quantitative analysis of the tail diameter in 
WT and APN-KO mice treated with Ad-/?-gal or Ad-APN at different time points after surgery (n=6 in each group). C, Quantitative analysis of 
LYVE-1 -positive cells in injured tails in WT and APN-KO mice treated with Ad-/S-gal or Ad-APN on postoperative day 28 (n=6 in each group). D, 
Quantitative analysis of the tail diameter in KKAy mice treated with Ad-/?-gal and Ad-APN at different time points after surgery (n=7 in each group). 
Results are sown as the mean±SE. *P<0.05, **P<0.01 vs Ad-/J-gal. Ad indicates adenovirus; APN, adiponectin; /i-gal, /3-galactosidase; KO, 
knockout; LYVE-1, lymphatic vascular endothelial hyaluronan receptor-1; WT, wild-type. 



Adiponectin Promotes LEC Differentiation and 
Viability In Vitro 

We next examined whether adiponectin modulates LEC differ- 
entiation into capillary-like structures when LECs were plated 
onto a Matrigel matrix. LECs were treated with recombinant 
human adiponectin protein or vehicle. Treatment with a 
physiological concentration of adiponectin promoted the 
formation of capillary-like tubes (Figure 4A). Quantitative 
analysis of the LEC network revealed that treatment with 
adiponectin significantly increased the tube length relative to 



control cultures (Figure 4B). To test whether adiponectin 
modulates the LEC viability, a WST-1-based assay was 
performed under serum-deprived conditions. Adiponectin 
significantly stimulated LEC viability in serum-starved cul- 
tures (Figure 4C). The effects of adiponectin on LEC 
differentiation and viability were comparable with those of 
VEGF-C, which is reported to act as a potent lymphatic 
growth factor (Figure 4A through C). To corroborate these 
observations, apoptotic LECs were measured by use of 
TUNEL staining. Adiponectin significantly suppressed the 
number of TUNEL-positive cells under serum-deprived 
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Figure 4. Adiponectin promotes lymphatic endothelial cell differentiation and survival in vitro. A and B, Representative photomicrographs of 
network formation of LECs (A) and quantitative analyses of network tube length (B) (n=3 in each group). After 18 hours of serum deprivation, 
LECs were cultured in Matrigel-coated dishes in the presence of recombinant adiponectin protein (30 /(g/mL), VEGF-C (50 ng/mL), or vehicle. C, 
WST-1-based assay for evaluating cell viability was performed. LECs were treated with adiponectin (30 /(g/mL), VEGF-C (50 ng/mL), or vehicle in 
serum-starved media for 48 hours (n=4 in each group). Results are expressed relative to the values compared with control. D, TUNEL assay 
for detecting apoptotic cells was performed. LECs were treated with adiponectin (30 /tg/mL) or vehicle in serum-starved media for 48 hours 
(n=5 in each group). Results are shown as the mean±SE. DAPI indicates 4',6-diamidino-2-phenylindole; LEC, lymphatic endothelial cell; TUNEL, 
transferase-mediated dUTP nick-end labeling. 



conditions (Figure 4D). Thus, adiponectin promotes prol- 
ymphangiogenic cellular responses in vitro. 

Adiponectin Stimulates the Phosphorylation of 
eNOS Through Activation of AMPK-Akt Signaling 

AMPK signaling is associated with the regulation of angio- 
genesis under pathological states.' 7,20 ' 24 Therefore, to test 
whether adiponectin induces AMPK signaling in LECs, 
cultured LECs were incubated with adiponectin protein or 
vehicle, and AMPK phosphorylation at Thr172 was assessed 
by the use of Western blot analysis. Treatment with adipo- 
nectin stimulated the phosphorylation of AMPK in a 



time-dependent manner with maximal AMPK phosphorylation 
occurring at 30 minutes (Figure 5A). Akt also plays important 
roles in the angiogenic response to several growth factors. 25 
Therefore, the effect of adiponectin on the activating phos- 
phorylation of Akt at Ser473 in LECs was assessed. Adipo- 
nectin treatment led to a time-dependent increase in Akt 
phosphorylation (Figure 5A). Because AMPK and Akt can 
phosphorylate and activate eNOS at Ser1179 in endothelial 
cells, 26,27 eNOS phosphorylation was examined in these 
cultures. Adiponectin stimulated the phosphorylation of 
eNOS, with maximal levels occurring at 60 minutes (Fig- 
ure 5A). Adiponectin had no effects on AMPK, Akt, and eNOS 
protein levels. 
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Figure 5. Adiponectin stimulates the phosphorylation of AMPK, Akt, and eNOS in LECs. A, Time-dependent changes in the phosphorylation of 
AMPK, Akt, and eNOS signaling in LECs following stimulation with adiponectin. The phosphorylation of AMPK (P-AMPK), Akt (P-Akt), and eNOS 
(P-eNOS) was determined by Western blot analysis. Representative blots are shown from 4 independent experiments. B, Role of AMPK in 
regulation of adiponectin-induced Akt and eNOS signaling. LECs were transduced with c-myc-tagged Ad-dnAMPK or Ad-/S-gal for 24 hours. After 
16 hours of serum starvation, cells were treated with adiponectin (30 /(g/mL) or vehicle for 60 minutes. P-ACC, P-Akt, and P-eNOS were 
determined by Western blot analysis. Representative blots are shown from 4 independent experiments. C, Role of Akt in regulation of 
adiponectin-induced eNOS signaling. LECs were transduced with HA-tagged Ad-dnAkt or Ad-/J-gal for 24 hours. After 16 hours of serum 
starvation, cells were treated with adiponectin (30 /ig/mL) of vehicle for 60 minutes. P-AMPK and P-eNOS were determined by Western blot 
analysis. Representative blots are shown from 4 independent experiments. D, Effect of compound C and LY294002 on adiponectin-stimulated 
phosphorylation of AMPK, Akt, and eNOS. LECs were pretreated with compound C (10 /tmol/L), LY294002 (50 /jmol/L), or vehicle (DMSO) for 
60 minutes and treated with adiponectin (30 /(g/nnL) or vehicle for 60 minutes. P-AMPK, P-Akt, and P-eNOS were determined by Western 
blot analysis. Representative blots are shown from 4 independent experiments. Ad indicates adenovirus; AMPK, AMP-activated protein 
kinase; /i-gal, /?-galactosidase; DMSO, dimethyl sulfoxide; eNOS, endothelial nitric oxide synthase; HA, hemagglutinin; LEC, lymphatic endothelial 
cell. 



To examine the relative contribution of AMPK and Akt to the 
regulation of adiponectin-induced phosphorylation of eNOS, 
LECs were transduced with Ad-dnAMPK, Ad-dnAkt, or control 
Ad-j8-gal followed by treatment with adiponectin protein. 
Transduction with Ad-dnAMPK suppressed adiponec- 
tin-induced phosphorylation of ACC, which is downstream of 
AMPK (Figure 5B). Transduction with Ad-dnAMPK also atten- 
uated adiponectin-stimulated phosphorylation of Akt and eNOS 
in LECs. Moreover, transduction with Ad-dnAkt suppressed the 
adiponectin-induced phosphorylation of eNOS without altering 



that of AMPK (Figure 5C). To corroborate these findings, LECs 
were treated with the AMPK inhibitor compound C, the 
phosphoinositide-3 kinase inhibitor LY294002, or vehicle. 
Pretreatment with compound C blocked adiponectin-stimu- 
lated phosphorylation of AMPK, Akt, and eNOS (Figure 5D). 
LY294002 treatment reduced adiponectin-induced phosphor- 
ylation of Akt and eNOS, while LY294002 had no effect on 
AMPK phosphorylation (Figure 5D). These data suggest that 
adiponectin stimulates eNOS phosphorylation in LECs via 
activation of both AMPK- and Akt-dependent signaling. 
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Figure 6. eNOS signaling participates in lymphatic vessel responses to adiponectin. A through C, Effect of compound C, LY294002, and L-NAME 
on adiponectin-mediated LEC differentiation (A), viability (B), and apoptosis (C). LECs were pretreated with compound C (10 /jmol/L), LY294002 
(50 ^mol/L), L-NAME (1 mmol/L), or vehicle (DMSO) for 60 minutes and treated with adiponectin (30 /ig/mL) or vehicle. Matrigel assay was 
performed, and quantitative analyses of the network tube length are shown (A) (n=5 in each group). WST-1-based assay was performed to 
assess cell viability (B) (n=4 in each group). TUNEL assay was performed for assessing apoptotic cells (C) (n=4 in each group). D, Quantitative 
analysis of the tail diameter in eNOS-KO and WT mice treated with Ad-^-gal or Ad-APN at different time points after surgery (n=5 in each group). 
Results are shown as the mean±SE. *P<0.05 vs eNOS-KO/Ad-^-gal. Ad indicates adenovirus; AMPK, AMP-activated protein kinase; APN, 
adiponectin; /i-gal, /?-galactosidase; eNOS, endothelial nitric oxide synthase; HA, hemagglutinin; KO, knockout; LEC, lymphatic endothelial 
cell; L-NAME, L-NG-Nitroarginine Methyl Ester; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling assay; WT, 
wild-type. 



Role of eNOS Signaling in Lymphangiogenic 
Responses to Adiponectin In Vitro and In Vivo 

To test whether AMPK signaling is involved in adiponec- 
tin-mediated LEC function, LECs were pretreated with com- 
pound C or vehicle. Treatment with compound C cancelled 
adiponectin-stimulated differentiation of LECs into capil- 
lary-like tubes (Figure 6A). Treatment with LY294002 also 



abolished the stimulatory actions of adiponectin on LEC 
differentiation into capillary-like structures. To test the 
potential involvement of eNOS in LEC responses to adipo- 
nectin, LECs were treated with the NOS inhibitor L-NAME 
or vehicle. Treatment with L-NAME significantly reduced 
adiponectin-stimulated formation of capillary-like structures 
(Figure 6A). In addition, treatment with compound C or 
LY294002 blocked adiponectin-stimulated viability of LECs as 
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determined by WST-1-based assay (Figure 6B). L-NAME 
treatment also reduced adiponectin-induced viability of LECs. 
Moreover, adiponectin-mediated inhibition of the frequency of 
TUNEL-positive LECs was reversed by treatment with com- 
pound C, LY294002, or L-NAME (Figure 6C). Collectively, 
these results indicate that AMPK-Akt-eNOS signaling is 
required for LEC responses to adiponectin in vitro. 

Finally, we examined whether eNOS is required for the 
actions of adiponectin on lymphedema in vivo, we systemi- 
cally injected Ad-APN or control Ad-/?-gal into eNOS-KO mice 
3 days before surgery. As shown in Figure 6D, eNOS-KO mice 
treated with Ad-/?-gal exhibited a significant increase in tail 
diameter after surgery compared with WT mice treated with 
Ad-jS-gal on postoperative days 21 and 28. On day 6 after 
injection, Ad-APN increased plasma adiponectin levels of 
eNOS-KO mice to 21.2±4.3 /(g/mL, which was similar to 
those in Ad-APN-treated WT mice. In contrast to WT mice 
(Figure 1B), systemic delivery of Ad-APN did not affect the 
thickness of injured tails of eNOS-KO mice on postoperative 
days 0, 7, 14, 21, and 28 (Figure 6D). Therefore, the in vivo 
effect of adiponectin on lymphedema is dependent on its 
ability to modulate eNOS activity. 



Discussion 

The present study provides the first evidence that adiponectin 
promotes the lymphatic vessel function and ameliorates the 
development of lymphatic edema in a mouse tail model. 
Adiponectin deficiency exacerbates lymphedema in damaged 
tails, which was accompanied by the reduction of lymphan- 
giogenesis. Systemic administration of adiponectin to WT and 
APN-KO resulted in improvement of lymphedema and 
enhancement of LEC formation in edematous tails. Adiponec- 
tin treatment also ameliorated the lymphedema in obese 
mice. Treatment with adiponectin led to enhancement of LEC 
differentiation and viability in vitro. These data suggest that 
adiponectin acts as an endogenous modulator of lymphatic 
vessel responses to tissue injury and exerts a salutary action 
on the lymphatic vasculature. 

Clinically, obese status contributes to the development of 
lymphedema, 8 ~'° and it leads to the reduced levels of 
adiponectin in blood stream. 28,29 Thus, the findings reported 
here suggest that low levels of circulating adiponectin may be 
responsible for the progression of lymphedema in obese 
subjects. It has been shown that body weight reduction 
results in a significant increase in circulating adiponectin level 
in obese subjects. 30 Furthermore, a dietetic therapy could be 
valuable for treatment of lymphedema in obese patients. 11 
Collectively, the approaches to restore or increase plasma 
adiponectin levels may be useful for the prevention or 
treatment of obesity-associated lymphedema. 



It is well established that eNOS is a key regulator of 
cardiovascular function, blood vessel maturation, and angio- 
genesis. 31,32 Accumulating evidence indicates that adiponec- 
tin protects against the development of vascular disorders via 
activation of eNOS signaling pathways. Adiponectin stimulates 
eNOS phosphorylation and NO production in vascular endo- 
thelial cells, thereby leading to improvement of endothelial cell 
function. 17,33,34 We h ave demonstrated that adiponectin 
promotes ischemia-induced revascularization, at least in part, 
through modulation of eNOS signaling. 35 We have also shown 
that adiponectin prevents cerebrovascular injury via activation 
of eNOS. 36 Therefore, these results suggest that eNOS is 
indispensible for the effects of adiponectin on the blood vessel 
diseases. Furthermore, it has been shown that eNOS is 
expressed in the lymphatic system 37 and plays an important 
role in regulation of lymphangiogenesis and lymphatic metas- 
tasis. 38 This study showed that adiponectin promotes the 
phosphorylation of eNOS in cultured LECs in vitro and that 
treatment with NOS inhibitor reverses the effect of adiponec- 
tin on LEC response. In addition, the suppressive effects of 
adiponectin on lymphedema were abolished in eNOS-KO mice 
in vivo. Thus, it is conceivable that eNOS is essential for the 
lymphatic vascular responses to adiponectin. Taken together, 
these observations suggest that eNOS mediates the protective 
actions of adiponectin on the blood and lymphatic vessel 
disorders. 

Adiponectin functions as an AMPK activator in different 
types of cells. 17,21,39,40 We have previously reported that 
adiponectin promotes the phosphorylation of Akt and eNOS 
and angiogenic phenotypes in vascular endothelial cells 
through activation of AMPK. 17 Adiponectin-mediated activa- 
tion of AMPK also participates in angiogenic repairs of 
ischemic muscle in vivo. 20,35 Here, it is shown that adipo- 
nectin stimulates the activating phosphorylation of AMPK and 
Akt in LECs and that AMPK inactivation blocks adiponec- 
tin-induced stimulation of Akt and eNOS activity and LEC 
function. Furthermore, blockade of Akt activation abolished 
adiponectin-induced eNOS phosphorylation and LEC 
responses without affecting AMPK phosphorylation. Thus, 
adiponectin can promote Akt-eNOS signaling pathways and 
subsequent lymphangiogenic cellular responses via activation 
of AMPK within LECs. 

It has been recognized that lymphedema may contribute to 
adipose expansion and accumulation. 41-43 Chy mice having a 
heterozygous inactivating mutation in vascular endothelial 
growth factor receptor 3 (VEGFR3) exhibit an increased 
accumulation of subcutaneous fat tissue as a result of 
hypoplastic cutaneous lymphatic vessels and lymphatic 
edema. 44 It has been shown that Proxl haploinsufficiency 
contributes to leakage of lymph from abnormally formed 
lymphatic vessels, thereby resulting in adult-onset obesity. 45 
Lack of Proxl in LECs also causes adult-onset obesity. 45 
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Moreover, the addition of lymph to the culture media is 
reported to promote adipocyte differentiation in vitro. 45 ' 46 
Therefore, lymphatic dysfunction within adipose tissue 
appears to participate in the development of obesity, at least 
in part, via modulation of adipogenesis. 

In conclusion, our observations indicate that adiponectin 
functions as a novel modulator of lymphatic vessel responses 
to injury by directly activating the lymphangiogenic signaling in 
LECs. The ability of adiponectin on ameliorate lymphedema is 
dependent, at least in part, on its ability to promote lymphatic 
vessel function. The dysfunction of lymphatic vessels partic- 
ipates in a variety of pathological conditions including 
lymphedema and inflammation. 47 Thus, adiponectin may 
represent a target molecule for a therapeutic option for the 
prevention and/or treatment of lymphatic vessel diseases. 
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